1. Introduction {#s0005}
===============

Last decade of cancer investigations has witnessed the emergence of signal transducer and activator of transcription 3 (STAT3) as a target for cancer therapies ([@b0215], [@b0115]). STAT3, which is a transcription factor that regulates expression of genes associated with cell survival, cell cycle, and immune response linked to carcinogenic progression, has been proved to be a promising target for tumor suppression ([@b0220], [@b0050], [@b0065]). It is reported to be aberrantly activated in around 70% cases of hematological and solid cancers ([@b0050]). STAT3 also plays a leading role in regulating immune responses in the tumor microenvironment and when obstinately activated it promotes tumor survival and proliferation via suppressing anti-tumor immune responses ([@b0210]). Angiogenesis via vascular endothelial growth factor (VEGF) overexpression remains central to tumor proliferation as well as cancer treatment ([@b0035], [@b0140]) and STAT3 activation regulates the expression of VEGF. Constitutively activated STAT3 increases VEGF expression and promotes cancerous growth; this direct association of the STAT3 in tumor proliferation also makes it a suitable target for cancer treatment ([@b0195]).

VEGF, which was identified as an endothelial mitogen, has potential to induce pathological angiogenesis, other than its normal functions. VEGF-mediated signaling, in tumors, plays a crucial role in cancer stem cell functions and tumor initiation ([@b0075]). Other than its normal functions of angiogenesis and vascular permeability, VEGF also modulates immune responses in the tumor microenvironment and affect host responses to tumors ([@b0085]). Targeting upstream to the VEGF, which is STAT3, can affect all the signaling activities downstream, either in normal or cancerous conditions.

Small interfering RNA (siRNA) mediated inhibitory effects, on specific genes and their products, is an emerging strategy in pharmacology and therapeutics. Specific gene products in form of mRNA are silenced siRNA, thus inhibiting protein translation. This specific inhibitory effect along with minimal chances of undesired effects and toxicities are among the advantages of siRNA over pharmaceutical agents of chemical origin. Specific siRNAs have been used to exhibit their inhibitory activities in breast and liver cancer cells *in-vitro* ([@b0020], [@b0105]). However, it appears to be marred by poor cellular uptake, short half-life, and unspecific distribution of siRNA into the body. Several approaches have been proposed to tackle these issues with using siRNAs as therapeutic agents. Nanomedicinal approaches appear to be promising in this regard. Recently several nanoformulation approaches have been proposed to improve the siRNA delivery and effects. PLGA encapsulating siRNA ([@b0045]), Calcium-siRNA nanocomplexes ([@b0170]), amphiphilic poly(α)glutamate polymeric micelles ([@b0130]) are few among such approaches.

In our earlier publications we have reported tumor suppressive activities of STAT3-siRNA in B16.F10 melanoma cells, which was enhanced by incorporation of oleic acid- and stearic acid-modified-polyethylenimine (PEI-STAT3-siRNA). This lipid-substituted polyethylenimine polymeric system was developed to assist the siRNA delivery and enhance the intracellular uptake ([@b0005]). This approach was found to improve the apoptotic effects of STAT3-siRNA in B16 melanoma cells *in-vitro* and suppressed tumors *in-vivo* in mice model ([@b0010]). It was also demonstrated that PEI-STAT3-siRNA also improved the immune responses against cancerous progression in B16.F10 melanoma both *in*-*vitro* and *in-vivo* ([@b0015]).

The present investigation is a continuation of the work from previous research reports ([@b0010]). Keeping in mind, the STAT3 aberrant functions and involvement of downstream VEGF in tumor angiogenesis, present investigation explored effects of PEI-STAT3-siRNA induced knockdown of the p-STAT3, VEGF expression, and suppression in B16.F10 melanoma cells. The study also focused on improving the formulation of PEI-STAT3-siRNA nanocomplexes and their uptake by, and overall effect on survival of B16.F10 melanoma cells.

2. Material {#s0010}
===========

Branched PEI (25 kDa), glycerol, 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), acrylamide/bis-acrylamide (19:1), dimethyl sulfoxide (DMSO), sodium orthovanadate (Na~3~VO~4~), ethylene glycol-bis(2-aminoethylether)-*N,N,N′,N′*-tetraacetic acid (EGTA), 2-mercaptoethanol, HEPES sodium salt, phosphate buffered saline (PBS) powder (pH 7.4), TWEEN® 20, paraformaldehyde, polyvinylidene difluoride (PVDF) membrane, sodium dodecyl sulfate (SDS), tris-HCl, Tris-Glycine SDS Running Buffer, and heparin were obtained from Sigma-Aldrich (St. Louis, MO). Fetal bovine serum (FBS), Dulbecco's Modified Eagle's Medium (DMEM), L-glutamine, gentamicin, 4′,6-diamidino-2-phenylindole (DAPI), Dextran-Texas Red™, mouse VEGF ELISA Kit, Sequence-specific siRNA targeting murine STAT3 mRNA (sense: 5′-GGACGACUUUGAUUUCAACtt-3′, anti-sense: 5′-GUUGAAAUCAAAGUCGUCCtg-3′), *Silencer*™ FAM-labeled Negative Control \#1 siRNA (Catalogue \#AM4620), dithiothreitol (DTT), Nonidet P40 (NP-40) detergent solution, protease/phosphatase inhibitor cocktail, bromophenol blue, Bolt® Transfer Buffer, tetramethylethylenediamine (TEMED), Blocker™ BSA, ammonium persulfate (APS), and Micro BCA™ Protein Assay Kit were obtained from Thermo Fisher Scientific (Waltham, MA). Anti-phosphotyrosine (Y^705^) STAT3 monoclonal antibody, and anti-actin antibody (I-19) were purchased from Santa Cruz Biotechnology (Stanta Cruz. CA). Amersham ECL Prime Western Blotting Detection Reagent kit was purchased from GE Healthcare Life Sciences (Piscataway, NJ). B16.F10 ATCC® CRL-6475™ was obtained from American Type Culture Collection (ATCC).

3. Methods {#s0020}
==========

3.1. Preparation and characterization of siRNA polyplexes {#s0025}
---------------------------------------------------------

In sterile Eppendorf tubes, PEI solution was added into siRNA solution in RNase-free water in polymer-to-siRNA (N/P) ratios of 0.125, 0.25, 0.5, 0.75, 1, and 1.25 and incubated for 30 min at 37 °C to obtain siRNA polyplexes. Average particle size and zeta-potential measurements were estimated using Zetasizer Nano ZS (Malvern, UK). siRNA binding to PEI and displacement by anion competition was assessed by agarose gel electrophoresis as previously described ([@b0005]). Band intensity was analyzed using ImageJ software available from the National Institutes of Health at [[https://imagej.nih.gov/ij/]{.ul}](https://imagej.nih.gov/ij/){#ir005}.

3.2. Cellular uptake study {#s0030}
--------------------------

In 37 °C/5% CO~2~ incubator, B16.F10 cells were grown and propagated in DMEM media supplemented with 2 mM L-glutamine, gentamicin, and 5% FBS. Then, cells were transferred to 6-well plate and incubated with 100 nM siRNA-polyplexes for designated time points after 50% confluence was reached. To assess cellular uptake by confocal laser scanning microscope (CLSM), B16.F10 cells were washed 3 times with PBS and immediately fixed with paraformaldehyde-PBS solution (2%) for 10 min. Dextran-Texas Red was added for 2 h at 37 °C to stain cytoskeleton. For flow cytometry (FCM) study, 5 × 10^4^ cells were harvested at endpoint and washed 3 times with PBS and suspended in FCM buffer (5% FBS in PBS) and analyzed for percentage of positive cells by BD Accuri™ C6 Plus (BD Biosciences, Franklin Lakes, NJ).

3.3. STAT3 knockdown {#s0035}
--------------------

Polyplexes of STAT3-targeting siRNA were prepared to give siRNA concentration of 200 nM that was serially diluted to the intended concentrations (200, 100, 50, 25, 12.5 and 6.25 nM). Thereafter, 1 × 10^5^ B16 melanoma cells were incubated with siRNA polyplexes in 24-well plate for 24 h at 37 °C.

3.4. ELISA estimation of VEGF {#s0040}
-----------------------------

Tumor supernatants were collected at 24 h point by gentle aspiration from cell culture flask and transferred to centrifuge tubes. To eliminate any floating cells, aspirated liquid was centrifuged at 10,000*g* for 5 min. Thereafter, supernatants were transferred to new centrifuge tubes. VEGF levels were determined by ELISA kit according to manufacturer's instruction.

3.5. Western blot analysis of p-STAT3 {#s0045}
-------------------------------------

After 24 h, B16.F10 cells harvested by trypsin/EDTA and washed twice with ice-cold PBS and transferred to Eppendorf tubes imbedded in ice bucket. Cells were, then, lysed using lysis buffer containing 2 mM Na~3~VO~4~, 30 mM HEPES (pH 7.5), 2 mM EGTA, 2% NP-40, 0.5 mM dithiothreitol (DTT), and 1:100 protease/phosphatase inhibitor cocktail. Cell lysates were centrifuged for 20 sec at 16,000*g*. Thereafter, NaCl was added to samples to final concentration of 420 mM, cell lysates were centrifuged for 20 min at 16,000*g*. Supernatant was then transferred to new Eppendorf tubes, where and pellets were discarded and protein extract was determined using Micro BCA™ Protein Assay Kit. Thereafter, equal amounts of protein (20 μg) were mixed with equal volumes of loading buffer (0.5 M Tris-HCl pH 6.8, 20% glycerol, 10% SDS, 1.5% bromophenol blue, 5% 2-mercaptoethanol). Then, samples were dipped in boiling water for 5 min and then loaded on 10% SDS-PAGE gel. Electrophoresis was then conducted in Tris-Glycine SDS Running Buffer for 90 min. Proteins were then transferred into activated PVDF membrane using Bolt® Transfer Buffer containing methanol at 140 V for 2 h. Thereafter, the membrane was incubated overnight at 4 °C with Blocker BSA solution containing 0.1% (v/v) TWEEN® 20 that was also used to thoroughly wash membranes, where they are probed with antiphosphotyrosine (Y^705^) STAT3 mAb (1:500) for 2 h. The membrane was then washed 5 times under gentle shaking. Then, goat antimouse polyclonal Ab (1:50,000) was added to the membranes in blocking buffer and kept at room temperature for 90 min under gentle shaking. Thereafter, the membrane was further 5 times before development using Amersham ECL Prime Western Blotting Detection Reagent kit. The membranes were then stripped, washed, blocked, and probed with anti-actin Ab (I-19) (1:1000) dilution and developed as previously described.

3.6. Cell viability assay {#s0050}
-------------------------

B16.F10 cells were grown in flat-bottomed 96-well microplates. After designated treatment, 100 μL MTT/culture media solution (500 μg/mL) was added in each well. After 3 h, formazan crystals were formed and were dissolved by adding 200 μL DMSO. Microplate reader was used to measure optical density at 550 nm and cell viability was calculated as percentage relevant to untreated control.

3.7. Data analysis {#s0055}
------------------

Statistical analysis was performed using SPSS for Windows, Version 16.0. Data were analyzed for statistical significance at *p* \< 0.05. Where indicated, data represent average of 3 replicates with ±standard error.

4. Results {#s0060}
==========

4.1. siRNA polyplexes characterization {#s0065}
--------------------------------------

Increment in the formulation zeta potential to N/P ratio was proportional until plateaued at N/P of 1 ([Fig. 1](#f0005){ref-type="fig"}a). Similarly, siRNA association % in the polyplexes was proportional to the N/P ratio reaching toward plateau after N/P of 0.75 ([Fig. 1](#f0005){ref-type="fig"}b). At such N/P ratio, polyplexes showed hydrodynamic diameter range of 110--270 nm with average diameter of 172 nm ([Fig. 1](#f0005){ref-type="fig"}c). Moreover, the associated siRNA was shown to be releasable by anionic competition using heparin ([Fig. 1](#f0005){ref-type="fig"}d).Fig. 1siRNA polyplexes made by addition of PEI solution into siRNA solution in RNAse free water in different polymer to siRNA (N/P) ratios ranging from 0.125 to 1.25. The polyplexes were characterized by measuring average particle size and zeta-potential using Zetasizer Nano ZS (Malvern, UK). siRNA binding to PEI and dissociation was evaluated by agarose gel electrophoresis. (a) Increase in Zeta-potential of the particles remained proportional until N/P ratio reached 1.0. (b). Association % of siRNA with PEI increased upto an N/P ratio 0f 0.75. (c) Particle hydrodynamic diameter ranged from 110 to 270 nm with average diameter of 172 nm. (d) Anionic competition test using heparin exhibit dissociation of siRNA increased with increasing heparin concentration.

4.2. Cellular uptake of PEI- p-STAT3-siRNA {#s0070}
------------------------------------------

Uptake of siRNA polyplexes (PEI- p-STAT3-siRNA) by B16.F10 cells was assessed using CLSM and FCM. As shown in [Fig. 2](#f0010){ref-type="fig"}a, cell uptake started as early as 10 min following incubation with siRNA polyplexes. After 30 min of incubation, amount of internalized siRNA polyplexes were remarkably increased. Consistently, efficient cellular uptake was evident by FCM ([Fig. 2](#f0010){ref-type="fig"}b).Fig. 2FITC tagged PEI NPs were added to the B16.F10 melanoma cell cultures to investigate the uptake of the NPs. (a) Fluorescent micrograph revealed a significant uptake of PEI NPs after 30 min of addition. (b) Flowcytometry analysis confirmed the uptake of FITC tagged PEI NPs into B16.F10 melanoma cells.

4.3. siRNA interference outcomes {#s0075}
--------------------------------

Molecular evidence of siRNA interference was evaluated by the expression of phosphorylated STAT3 (p-STAT3). As shown in [Fig. 3](#f0015){ref-type="fig"}a, p-STAT3 expression was inhibited upon siRNA incubation in a dose-dependent fashion. Significant reduction in p-STAT3 level was shown beyond 25 nM siRNA concentration and IC~25~ was reached around 40 nM. Concomitantly, dose-dependent inhibition of VEGF secretion was recorded, where IC~25~ was reached with siRNA concentration of 195 nM ([Fig. 3](#f0015){ref-type="fig"}b). Consistently, B16.F10 viability was reduced following dose-dependent siRNA administration reaching IC~25~ at 109 nM ([Fig. 3](#f0015){ref-type="fig"}c). To understand the correlation of the three outcomes of siRNA interference, the inhibition curves were plotted against siRNA concentration ([Fig. 3](#f0015){ref-type="fig"}d). Regression equation of all curved indicated high coefficient of determination (R^2^) as shown in [Table 1](#t0005){ref-type="table"}.Fig. 3(a) Western blot analysis reveal a concentration dependent knockdown of p-STAT3 in B16.F10 melanoma cells by PEI-p-STAT3-siRNA. (b) VEGF expression levels were not found to be correlated with that of p-STAT3 after addition of PEI-p-STAT3-siRNA. ELISA of VEGF indicate that the highest concentration of the STAT3-siRNA is needed to induce a significant downregulation of VEGF. (c) STAT3-siRNA induced cell death in B16.F10 melanoma cells was found to be concentration dependent. (d) Statistical analysis of the data found that the cell death is correlated more with VEGF levels than that of p-STAT3 after STAT3-siRNA administration.Table 1Summary of Linear Regression analysis and R^2^ values from different experiments including Western blot analysis of STAT3 expression, ELISA of VEGF protein and cell viability assay.OutcomeEquationR^2^STAT3 expressiony = −0.3952x + 98.4790.8502VEGF inhibitiony = −0.1203x + 100.870.9304Cell viabilityy = −0.1417x + 94.7150.8428

5. Discussion {#s0080}
=============

VEGF, which induces angiogenesis in developing fetuses and during wound healing in adults, when goes aberrant plays a significant role in tumor growth and survival ([@b0190], [@b0100]). VEGF expression is regulated by p-STAT3, a transcription factor regulating several other genes' expression as well. For years, VEGF has been a subject of numerous cancer-associated studies and has been seen as a potential target for cancer therapy ([@b0180], [@b0165]), so are the associated genes and proteins ([@b0155], [@b0175], [@b0125]). p-STAT3 remains upstream to the VEGF and regulates its expression in response to various endogenous stimuli. Abnormally activated p-STAT3 has profound effects on tumor growth not only via escaping antitumor immune responses but also through tumor survival by pro-angiogenic effects of overexpressed VEGF ([@b0040], [@b0210]). Unregulated activation of STAT3 in cancer cells plays a significant role in bypassing apoptosis via suppressing transcription of proapoptotic genes ([@b0185]). Several strategies have been implemented in the past to inhibit STAT3 at protein or gene level. These strategies include STAT3 SH2 domain inhibition, upstream tyrosine kinase (JAK, Src) inhibition, DNA-binding domain inhibition and oligonucleotides ([@b0055], [@b0200]). In the past decade inhibition of STAT3 expression by small interfering RNA (siRNA) emerged as a promising strategy in anticancer therapy ([@b0070], [@b0145]).

The present investigation aimed at PEI assisted delivery of p-STAT3-siRNA and its downstream effects on B16.F10 melanoma cells *in-vitro*. Acid-modified-polyethylenimine significantly enhanced uptake of p-STAT3-siRNA by B16.F10 melanoma cells. Reports published elsewhere also supported the role of acid-modified-polyethylenimine in assisting and enhancing delivery of similar oligonucleotides into the biological system ([@b0080], [@b0025], [@b0135]). This enhancement is crucial in not only in absorption but also in reaching target, dose reduction and improving antitumor activities of p-STAT3-siRNA. Assembly of PEI- p-STAT3-siRNA has better advantages over unassisted delivery of the siRNA. Several research reports from different laboratories suggested nanocarrier assisted delivery of STAT3-siRNA has profound effects against tumorigenesis ([@b0110], [@b0060], [@b0095]) and induce antitumor immune responses ([@b0150]). The assembly as a nanoformulation has PEI-p-STAT3-siRNA complexes of a size around 100 nm and data from fluorescence and confocal microscopy reveal the significant uptake of these assemblies into B16.F10 melanoma cells. These findings were also confirmed by flowcytometric analysis. Increased intracellular uptake of p-STAT3-siRNA certainly increased the knockdown effect on p-STAT3, an effect that reaches downstream to VEGF and associated functions.

p-STAT3-siRNA administration at six different concentrations exhibited a concentration-dependent silencing of the p-STAT3. In the identical experimental setup, these effects were found to be less profound on VEGF expression by all the different concentration levels of PEI-p-STAT3-siRNA, except the highest one. The absence of dose-response relation between PEI-p-STAT3-siRNA and VEGF expression ascertain that STAT3 inhibition and VEGF downregulation are not proportionally correlated and VEGF downregulation remains a secondary outcome of STAT3 silencing. Only higher concentrations of PEI-p-STAT3-siRNA significantly downregulated the expression of VEGF via knockdown of p-STAT3. Experiments with lower concentrations of PEI-p-STAT3-siRNA could not find any significant down regulation of VEGF. Cell viability investigation revealed decreasing cell survival with increasing concentration of PEI-p-STAT3-siRNA and a correlation with both p-STAT3 knockdown and downregulation of VEGF. However, the cell death was found to be correlated with VEGF expression rather than that of p-STAT3 knockdown itself. It may be suggested that VEGF expression levels are playing a crucial role in cancer cell death induced by addition of PEI-p-STAT3-siRNA. Normally, VEGF remains involved in angiogenesis and cell survival ([@b0030]), though the cell protection role appears to be prevalent regardless of the cell type, cells' health status or ambient environment. For instance, VEGF is reported to play a significant role in cell survival by inhibiting apoptotic cell death against chemotherapeutic drugs in hematopoietic cells ([@b0120]) and high glucose in endothelial cells ([@b0205]). Other than its role in normal conditions, it has also been suggested to act as a survival factor for tumor cells and protect them from apoptosis ([@b0160], [@b0090]). The outcome of the present investigation emphasizes the significant role of VEGF downregulation and reduced survival of B16.F10 melanoma cells by the p-STAT3 knockdown.

Though these findings in B16.F10 melanoma cells does not rule out any significant involvement of p-STAT3 regulated immune responses associated with tumorigenesis in *in-vivo* conditions. During *in-vivo* investigation, PEI-p-STAT3-siRNA administration significantly suppressed orthotopic B16.F10 melanoma in syngeneic C57BL/6 mice (Data not shown). In our previous report, it has been demonstrated that STAT3-siRNA intervention induced around fivefold infiltration of CD3^+^ cells and fourfold of dendritic cells into tumors in BALB/c and C57BL/6 following STAT3 knockdown. High levels of CD4^+^, CD8^+^, and NKT cells were also observed in the tumors along with CD3^+^ cells ([@b0015]). It may be suggested that VEGF downregulation along with induction of antitumor immunity is central to the tumor suppressive mechanism of STAT3-siRNA induced STAT3 knockdown. In tumor cells, signaling downstream to VEGF is mediated by VEGF receptor tyrosine kinases (RTKs) and neuropilins (NRPs) ([@b0075]). It remains a subject of further investigation what effects PEI-p-STAT3-siRNA has on VEGF-RTKs and NRPs *in-vitro* and *in-vivo* in association with tumorigenesis.

6. Conclusion {#s0085}
=============

On the basis of outcomes, the present investigation highlights that the assembly of STAT3-siRNA with PEI NPs enhances its cellular uptake and contributes to improve its antitumor effectiveness. VEGF downregulation has been found to play significant role in B16.F10 melanoma cell death after STAT3 knockdown and its role appear to be more predictive than STAT3 levels in this case. Moreover, high concentrations of PEI-p-STAT3-siRNA are needed to downregulate VEGF expression via STAT3 knockdown. However, STAT3-siRNA silenced p-STAT3 in a concentration dependent manner; the effects are not found to be proportionally correlated with VEGF downregulation. Further investigation is needed to investigate STAT3-siRNA effects downstream to VEGF.
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